TNFa signaling can promote apoptosis or a regulated form of necrosis. ARC (apoptosis repressor with CARD (caspase recruitment domain)) is an endogenous inhibitor of apoptosis that antagonizes both the extrinsic (death receptor) and intrinsic (mitochondrial/ER) apoptosis pathways. We discovered that ARC blocks not only apoptosis but also necrosis. TNFa-induced necrosis was abrogated by overexpression of wild-type ARC but not by a CARD mutant that is also defective for inhibition of apoptosis. Conversely, knockdown of ARC exacerbated TNFa-induced necrosis, an effect that was rescued by reconstitution with wild-type, but not CARD-defective, ARC. Similarly, depletion of ARC in vivo exacerbated necrosis caused by infection with vaccinia virus, which elicits severe tissue damage through this pathway, and sensitized mice to TNFa-induced systemic inflammatory response syndrome. The mechanism underlying these effects is an interaction of ARC with TNF receptor 1 that interferes with recruitment of RIP1, a critical mediator of TNFa-induced regulated necrosis. These findings extend the role of ARC from an apoptosis inhibitor to a regulator of the TNFa pathway and an inhibitor of TNFa-mediated regulated necrosis. Cell Death and Differentiation (2014) 21, 634-644; doi:10.1038/cdd.2013; published online 17 January 2014
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In contrast, the hallmarks of necrosis are plasma membrane dysfunction, cell and organelle swelling, and marked inflammation. 2, 3 Necrosis has traditionally been considered to be unregulated, but increasing evidence suggests that some forms of necrotic death are actively controlled. [3] [4] [5] [6] [7] [8] Regulated necrosis mediated by death receptors, termed necroptosis, 7 can be induced by the same death ligands that activate apoptosis, such as tumor necrosis factor a (TNFa), Fas ligand, and TNF-related apoptosis-inducing ligand. 8 Regulated necrosis initiated by binding of TNFa to TNF receptor 1 (TNFR1) has been most extensively studied. 3 Depending on cell type and conditions, TNFa can promote survival, apoptosis, or necrosis. 3 Upon ligation by TNFa, the receptor recruits TRADD (TNFR1-associated death domain), receptor interacting protein kinase 1 (RIP1), TNFR-associated factor 2 (TRAF2), cellular inhibitor of apoptosis 1 (cIAP1), and cIAP2. This membrane-localized supramolecular structure, known as complex I, activates nuclear factor-kB (NF-kB) to promote cell survival. [9] [10] [11] Internalization of complex I, dissociation of TNFR1, and deubiquitination of RIP1 give rise to cytosolic complex II, which also contains Fas-associated protein with a death domain (FADD), RIP3, and procaspase-8. 9, 12 Complex II allows for the activation of procaspase-8, leading to initiation of apoptosis through the classical caspase cascade. 9 However, if caspase-8 activity is blocked, RIP1 and RIP3 kinases are activated and initiate multiple downstream mechanisms to bring about necrosis. [12] [13] [14] [15] [16] [17] Thus, in this scheme necrosis appears to be the default mechanism of cell death when apoptosis is blocked.
ARC (apoptosis repressor with CARD (caspase recruitment domain)) is an endogenous apoptosis inhibitor that is expressed under normal conditions in terminally differentiated cells 18 and is markedly induced in a variety of cancers. 19 ARC is unusual as it antagonizes both mitochondrial and death receptor apoptosis pathways. 20 Inhibition of the mitochondrial pathway is mediated through direct interactions of ARC with Bax, suppressing Bax activation and mitochondrial translocation. The death receptor pathway is inhibited by ARC binding to Fas and FADD, resulting in impaired assembly of the death-inducing signaling complex.
In this study, we discovered that ARC suppresses TNFa-induced necrosis, as well as apoptosis, both effects dependent on the ARC CARD. This is observed in both cultured cells and intact animals. The mechanism involves the binding between ARC and TNFR1, which interferes with RIP1 recruitment and complex I formation.
Results
ARC suppresses TNFa-induced necrosis. Mouse L929 fibrosarcoma cells serve as a well-defined system in which TNFa treatment can elicit either apoptosis or necrosis. 21, 22 When administered in conjunction with the protein synthesis inhibitor cycloheximide (CHX), which promotes depletion of short-lived apoptosis inhibitors, TNFa induces apoptosis. On the other hand, the application of TNFa with a pancaspase inhibitor (e.g., z-VADfmk), or even TNFa by itself, is sufficient to induce necrotic death in L929 cells. 21 We confirmed these properties of the system. TNFa þ CHX, but not TNFa alone, induced cleavage of the caspase-3 substrate poly ADPribose polymerase (PARP), a classic marker of apoptosis 23 ( Figure 1b) . Conversely, TNFa alone, but not TNFa þ CHX, promoted cellular release of the chromatin-binding protein high mobility group protein B1 (HMGB1) 24 and lactate dehydrogenase (LDH), both markers of necrosis ( Figure 1c and Supplementary Figure S1a) .
ARC is a well-characterized inhibitor of mitochondrial and death receptor apoptosis pathways. 20 Accordingly, we hypothesized that inhibition of TNFa-induced apoptosis by ARC would promote necrosis. We first tested the effect of ARC overexpression using L929 cells stably transduced with hemagglutinin (HA)-tagged ARC ( Figure 1a ). As anticipated, overexpression of ARC blocked PARP cleavage induced by TNFa þ CHX (Figure 1b) . Unexpectedly, however, ARC suppressed -rather than promoted -necrosis in response to treatment with TNFa alone. This was demonstrated by inhibition of cellular release of HMGB1 and LDH and entry of propidium iodide (PI) (Figures 1c and d , and Supplementary Figure S1 ), all markers that reflect plasma membrane dysfunction, a defining characteristic of necrosis. Notably, inhibition of necrosis by ARC was substantial, as it was roughly equivalent to that resulting from the small molecule necrostatin-1, a specific and potent inhibitor of RIP1 kinase activity and necroptosis (Figure 1d and Supplementary Figure S1b) . These data indicate that overexpression of ARC in L929 cells inhibits TNFa-induced necrosis.
CARD of ARC is necessary for suppression of TNFa-induced necrosis. Death-folds are an evolutionarily conserved superfamily of motifs that mediate protein-protein interactions. Subtypes include the CARD, death domain (DD), death effector domain, and pyrin domain. [25] [26] [27] We have previously demonstrated that endogenous ARC binds directly to endogenous Fas and FADD through interactions mediated by the ARC CARD and the DDs of Fas and FADD. 20 Through these interactions, ARC inhibits the death receptor apoptosis pathway in a CARD-dependent manner. 20 As several proteins that mediate TNFa-induced necrosis contain death-fold motifs, we asked whether the ARC CARD is necessary for suppression of TNFa-induced necrosis. We generated L929 cells with stable expression of the ARC double mutant L31F; G69R (denoted as DM), which is defective in CARD function. 20, 28 In contrast to wild-type ARC, DM ARC was unable to inhibit TNFa-induced necrosis, as assessed by HMGB1 and LDH release, and PI entry ( indicate that, as with apoptosis, the CARD is required for ARC to suppress TNFa-induced necrosis.
Endogenous levels of ARC suppress TNFa-induced necrosis in vitro and in vivo. To determine the physiological relevance of the preceding observations, we used RNAi to assess whether endogenous ARC blocks necrosis. L929 cell were depleted of ARC using stable expression of a short hairpin RNA (shRNA) ( Figure 3A) . A scrambled shRNA was used as control. Knockdown of ARC sensitized cells to TNFa-induced necrosis, a result also observed using a second hairpin ( Figures 3A and B , and Supplementary Figure S3 ). Reconstitution of ARC knockdown in L929 cells with wild-type ARC, but not the ARC CARD mutant (DM), restored suppression of TNFa-induced necrosis ( Figure 3C ). Similarly, knockdown of ARC increased TNFa-induced necrosis in MCF7 cells that were rendered competent to undergo necroptosis through RIP3 transfection (Supplementary Figure S4) . Collectively, these data demonstrate that endogenous levels of ARC inhibit TNFa-induced necrosis. Infection of mice with vaccinia virus induces necrotic cell death through a pathway mediated by TNFa. 12 We used this model to test whether ARC also limits necrosis in vivo. To assess the role of endogenous ARC, wild-type mice were compared with knockout mice with generalized absence of ARC, which we had previously generated. 29 Three days following administration of vaccinia virus, mice lacking ARC exhibited markedly increased necrosis and mononuclear cell infiltration in adipose tissue compared with wild-type controls ( Figures 3D and E) . As an additional control, we examined the liver, a tissue in which ARC levels are low even in wild-type mice. 19 As would be expected, liver necrosis resulting from vaccinia virus infection was similar in mice lacking ARC and wild-type controls ( Figure 3F ). These data demonstrate that endogenous ARC suppresses necrosis and inflammation elicited by vaccinia virus infection.
To further establish the specificity of the inhibitory role of ARC in the TNFa pathway, we used TNFa-induced systemic inflammatory response, another in vivo model. This syndrome had been shown to cause lethality driven by RIP1-and RIP3-dependent TNFa-induced necrosis. 30 As ARC suppresses TNFa-induced necrosis, we expected that the depletion of ARC would worsen TNFa-induced systemic inflammatory response. Wild-type mice and mice deficient in ARC expression were injected intravenously with 500 mg/kg body weight of TNFa followed by monitoring of body temperature and survival. The body temperatures of wildtype mice dropped as expected after TNFa injection and a substantial proportion of these mice died within 24 h ( Figure 3G ). However, TNFa injection resulted in a more rapid drop in body temperature and shorter time-to-death in mice lacking ARC ( Figure 3G ). These observations indicate that endogenous ARC has a role in regulating TNFa-induced lethality in vivo.
ARC-FADD interaction is dispensable for suppression of TNFa-induced necrosis by ARC. As the CARD is required for ARC to suppress TNFa-induced necrosis, we hypothesized that this inhibition involves an interaction of ARC with a death-fold motif-containing protein shared by both the TNFa-induced apoptosis and necrosis pathways. FADD is present in complex II of the TNFa signaling pathway, 9 and as noted above, ARC binds FADD directly through an interaction mediated by the ARC CARD and FADD DD. 20 Furthermore, FADD exists constitutively in complex with RIP3, a critical activator of regulated necrosis. 12 Thus, we postulated that ARC inhibits both apoptosis and necrosis at complex II through a mechanism involving the sequestration of FADD.
As we have shown in other cell types, 20 we confirmed that ARC interacts with FADD in a CARD-dependent manner in L929 cells under basal and TNFa-treated conditions (data not shown). Next, we performed size exclusion fast protein liquid chromatography on whole cell lysates from these stable cell lines to identify fractions in which FADD and RIP3 co-elute and used these fractions to assess whether ARC disrupts the FADD-RIP3 complex. Overexpression of wild-type ARC markedly decreased the amount of FADD in complex with RIP3 (Figures 4a and b) . In contrast, this complex was unaffected by CARD-defective ARC. These data suggest that disruption of the FADD-RIP3 interaction may mediate inhibition of necrosis by ARC.
To further examine the functional significance of ARC binding to FADD and disrupting the FADD-RIP3 complex, we depleted cells of FADD using shRNA. If sequestration of FADD by ARC is important for inhibition of TNFa-induced necrosis, one would predict that knockdown of FADD would phenocopy overexpression of ARC. In fact, the ability of ARC to suppress necrosis was not affected by FADD knockdown (Figure 4c , bar 10 versus bar 9). Our data also confirmed that necrosis is exacerbated by depletion of FADD (Figure 4c , bar 8 versus bar 7), consistent with previous work, 31 possibly due to decreased caspase-8 activation. 9 Thus, despite disruption of the FADD-RIP3 interaction by ARC overexpression, we conclude that the ability of ARC to suppress necrosis is independent of FADD.
ARC interacts with TNFR1 to suppress TNFa-induced necrosis. Other death-fold-containing proteins reside in the TNFa signaling pathway upstream of both necrosis and apoptosis. These include TNFR1, TRADD, and RIP1, constituents of complex I in this pathway. As complex I also mediates TNFa-induced NF-kB signaling, 9 we used activation of NF-kB as a readout to examine the effect of ARC on the formation of this complex. Upon TNFa-stimulation, NF-kB translocates from cytosol to nucleus where it transactivates its target genes. We assessed the abundance of p65, a component of NF-kB, in nuclear extracts using an enzymelinked immunosorbent assay (ELISA) that quantifies the binding of p65 to an NF-kB DNA consensus site. Levels of p65 increased in the nucleus in response to TNFa treatment (Figure 5a ). In contrast, TNFa-induced nuclear translocation of p65 was suppressed by stable expression of wild-type ARC but not by the CARD mutant (DM) (Figure 5a ). Conversely, knockdown of ARC increased the abundance of p65 in the nucleus in response to TNFa treatment (Figure 6a ). To further confirm these observations, we also assessed expression of several NF-kB target genes using real-time PCR. Overexpression of wild-type ARC, but not the CARD mutant (DM), reduced mRNA levels of Bcl-xL, IL-6, FLIP, iNOS, and TRAF2 in response to TNFa treatment (Figures 5b-f) . Moreover, knockdown of ARC increased the expression of these genes (Figures 6b-f) . Taken together, these data indicate that ARC inhibits TNFa-induced NF-kB activation in a CARD-dependent manner.
These findings also suggest a mechanism by which ARC suppresses TNFa-induced necrosis at the level of complex I. To understand the molecular basis, we considered that the ARC CARD and the DDs of Fas and FADD have been shown to interact directly. 20 TNFR1, TRADD, and RIP1 all possess DDs, but we have previously demonstrated that ARC does not interact with TRADD and RIP1. 20 Accordingly, we focused on TNFR1. As antibodies to immunoprecipitate human TNFR1 are considerably better than those available for the mouse, we used human Jurkat cells, another well-characterized model of TNFa-induced necrosis. 12, 32, 33 Using Jurkat (Figure 7a ). Immunoprecipitations using purified recombinant ARC and the intracellular domain of TNFR1 demonstrated that this interaction is direct (Figure 7b ). The inhibition of TNFainduced necrosis by ARC overexpression was similar in magnitude to that observed by blocking TNFR1 using a neutralizing antibody or by knocking down TNFR1 with small interfering RNA (siRNA) (Figures 7c and d, bar 8  versus bar 9 ). In addition, knockdown or antagonism of TNFR1 rescued the increase in TNFa-induced necrosis resulting from ARC knockdown (Figures 7e and f) , consistent with the interaction between ARC and TNFR1 being functionally important.
Activation of TNFR1 in this pathway next recruits TRADD. Yet, previous work has shown that TRADD is not essential for necrosis induced by TNFa, because RIP1 can be recruited to TNFR1 even in the absence of TRADD. 33 Indeed, we observed that cells depleted of TRADD are still able to undergo TNFa-induced necrosis, which is blocked by ARC (Supplementary Figure S5) . In contrast, RIP1 is essential for TNFa-induced necrosis. 12, 31, 33 Therefore to assess the functional consequences of ARC-TNFR1 binding, we tested whether this interaction disrupts the recruitment of RIP1 upon TNFa stimulation. Indeed, overexpression of ARC decreased the amount of RIP1 that immunoprecipitates with TNFR1 in response to TNFa stimulation (Figure 7g ). Conversely, knockdown of endogenous ARC increased RIP1 recruitment to TNFR1 (Figure 7h ). Taken together, these data indicate that ARC inhibits TNFa signaling by interacting with TNFR1 to prevent the recruitment of RIP1 to complex I, thereby abrogating TNFa-induced necrosis (Supplementary Figure S6) .
Discussion
Although most endogenous inhibitors of apoptosis function in a circumscribed manner to suppress either mitochondrial or death receptor apoptosis signaling, ARC has the unusual property of inhibiting both pathways. 20 The major new finding in this study is that ARC also suppresses TNFa-induced regulated necrosis. This observation is explained by our finding that ARC acts at the level of TNFR1 to interfere with the recruitment of RIP1 into complex I, thereby inhibiting both forms of cell death as well as TNFa-induced NF-kB activation. Modulation of TNFa signaling by ARC was demonstrated using both gain-and loss-of-function approaches, the latter indicating that physiological levels of ARC are important in this regulation. These results translate to the in vivo setting where deletion of ARC exacerbates necrotic tissue damage resulting from vaccinia virus infection and TNFa-induced systemic inflammatory response syndrome.
We initially postulated that ARC inhibits both apoptosis and necrosis at complex II through a mechanism involving the Figure 5 ARC inhibits TNFa-induced NF-kB activation in a CARD-dependent manner. (a) The abundance of p65 in nuclear extracts was quantified using an ELISA that detects p65 binding to its DNA consensus sequence. Nuclear fractions were obtained from TNFa-treated L929 cells stably transduced with empty vector (F), ARC-HA, or ARC CARD mutant-HA (DM-HA). Data shown as mean±S.E. from n ¼ 3. ****P-valueo0.0001 versus empty vector. (b-f) Levels of NF-kB target gene transcripts normalized to those of 18S in the same cell lines as in panel a as determined by quantitative real-time PCR using transcript-specific primers. Data shown as mean ± S.E. N ¼ 3 in panels b, e and f; n ¼ 7 in panels c and d. *P-valueo0.05 compared with empty vector; **P-valueso0.01 versus empty vector. FLIP, FLICE-like inhibitory protein; IL, interleukin; iNOS, inducible nitric oxide synthase; RLU, relative luminescence unit sequestration of FADD. The rationale was based on three components: the known interaction between ARC and FADD; 20 the fact that FADD recruitment to complex II is required for the subsequent recruitment and activation of procaspase-8 to initiate apoptosis; 9 and the fact that FADD is constitutively in complex with RIP3, a kinase indispensable for necrosis in the death receptor pathway. 12 However, despite the disruption of FADD-RIP3 binding by ARC overexpression, our FADD knockdown studies demonstrated that inhibition of necrosis by ARC is independent of FADD. These observations directed our attention to complex I, in which reside other death-fold-containing proteins, which would be likely targets for ARC binding. In fact, we found that ARC binds TNFR1, thereby decreasing RIP1 recruitment. Thus, combined inhibition of necrosis and apoptosis by ARC reflects its interference with complex I, which is common to both death processes. In support of this model, ARC also inhibits NF-kB activation, which takes place downstream of TNFR1.
TNFa activates cell survival, as well as cell death, pathways. 3 Therefore, inhibition of TNFa signaling engenders an interesting question. In the absence of TNFa-induced cell survival and death signals, does the cell live or die? Although multiple signals impact this decision, our observation that disruption of TNFa signaling in some cell types results in survival in response to TNFa treatment suggests that inhibition of death signaling compensates for loss-of-survival mechanisms in these cellular contexts. This concept is concordant with studies showing that deletion of TNFa or TNFR1 can rescue the massive liver cell death and embryonic lethality induced by deletion of RelA, a critical subunit of NF-kB. [34] [35] [36] Overexpression of ARC has previously been shown to rescue acetaminophen-induced hepatocyte necrosis in vivo. 37 However, studies using TNFa-neutralizing antibody and TNFR1 knockout mice indicate that cell killing in the acetaminophen model occurs independently of TNFa signaling. 38, 39 In contrast, our study demonstrates a novel action of ARC to inhibit the TNFa pathway itself to block multiple downstream outcomes, including apoptosis, necrosis, and NF-kB activation. Moreover, the use of loss-of-function, as well as gain-of-function, approaches in the current study indicate that the TNFa axis is regulated by physiological levels of ARC as well as ARC overexpression.
The fact that ARC suppresses both apoptosis and necrosis may have important implications for diseases, such as myocardial infarction and stroke, 40 in which both forms of cell death have important roles. In fact, at baseline ARC is abundant in both cardiomyocytes and neurons, 18, 41 but its ability to protect these cells is undercut by its rapid proteasomal degradation in response to ischemic death signals. 42, 43 Accordingly, pharmacological strategies to blunt ARC degradation may provide novel therapies to inhibit both apoptosis and necrosis, thereby maintaining tissue viability and function in these important ischemic syndromes. Conversely, the presence of ARC may prove to be detrimental for the treatment of cancer. Necrotic phenotypes are often seen Figure 6 The knockdown of ARC increased TNFa-induced NF-kB activation. (a) L929 cells stably transduced with scrambled shRNA control (Scr) or ARC shRNA (ARC KD) were subjected to TNFa treatments, and p65 abundance in nuclear extracts was quantified using ELISA. Mean ± S.E. from n ¼ 3 are shown. *P-valueo0.05 versus scrambled control. (b-f) Levels of NF-kB target gene transcripts normalized to those of 18S in the same cell lines as in panel a as determined by quantitative real-time PCR using transcript-specific primers. Data shown as mean ± S.E. from n ¼ 3. *P-valueo0.05; ***P-valueso0.001, compared with scrambled control. FLIP, FLICE-like inhibitory protein; IL, interleukin; iNOS, inducible nitric oxide synthase; RLU, relative luminescence unit in cancer treated with chemotherapies or radiotherapies. [44] [45] [46] Thus, it has been suggested that the induction of death receptor-mediated necrosis could be used to target apoptosisresistant cancer cells. 46, 47 Increased ARC expression levels has been observed in diverse cancers, including pancreatic, breast, and lung cancers, as well as glioblastoma and lymphoma. 19, 29, [48] [49] [50] Therefore, as ARC suppresses both apoptosis and necrosis, the presence of ARC can render cancer cells resistant to chemotherapy and radiotherapy. Accordingly, mechanisms that inhibit ARC or induce its degradation may be useful as therapeutic strategies to effectively stimulate cell death in cancers.
Materials and Methods
Cell lines, plasmids, and recombinant proteins. L929, Jurkat, and MCF7 cell lines were purchased from ATCC (Manassas, VA, USA) and cultured as instructed by ATCC. RIP3 cDNA was amplified by RT-PCR from total RNA of Jurkat cells and then cloned into pcDNA3.1 plasmid. HA-tagged wild-type human ARC and the corresponding CARD double mutant (L31F; G69R) (DM) in pBABE vector are as described. 42, 48 Recombinant retroviruses were generated, and L929 cells were transduced as described. 51 Jurkat cells were transfected with HAtagged human ARC in pcDNA3.1 using Cell Line Nucleofector Kit V (Lonza, Allendale, NJ, USA). Lentivirus harboring MISSION shRNAs in the pLKO.1 backbone (Sigma, St. Louis, MO, USA) were used for knockdown studies: shRNA mouse ARC coding region (TRCN000086914), shRNA mouse ARC coding region (TRCN000086915), shRNA human ARC 3 0 UTR (TRCN0000118447), shRNA mouse FADD coding region (TRCN0000012285), and scrambled shRNA for both mouse and human (SHC002V). Transient knockdown of TNFR1 in L929 cells was done using Trilencer-27 siRNA knockdown duplexes against TNFR1 from OriGene (Rockville, MD, USA). Transient knockdown of TRADD in L929 cells was performed using SMARTpool siRNA reagent (Thermo Scientific, Pittisburgh, PA, USA). Full length, wild-type ARC-HA protein was made in vitro transcription/ translation system as described (TNT kit; Promega, Madison, WI, USA) and purified through pull-down with anti-HA-conjugated agarose beads. His-tagged recombinant intracellular domain (residues 204-455) of the TNFR1 protein was produced in BL21 Escherichia coli as His-fusion protein and purified on nickelcharged nitrilotriacetic acid agarose (Thermo Scientific, Rockford, IL, USA). Immunoprecipitations and immunoblottings. Cell lysates were prepared and immunoprecipitated as described previously, 12 except for 0.1% (v/v) NP-40. Signals were detected using ODYSSEY Infrared Imaging Systems (Li-COR). For human TNFR1 immunoprecipitations, lysis was carried out in 1% (v/v) NP-40, 20 mM Tris-Cl pH 7.0, 150 mM NaCl, 1 mM EDTA, 1 mM b-glycerolphosphate, and 1 mM sodium orthovanadate. Immunoblottings for ARC, RIP3, and FADD were carried out through first conjugating HRP onto respective primary antibodies using Lynx Rapid HRP Antibody Conjugation Kit as described (AbD Serotec, Raleigh, NC, USA) and detected with ChemiDoc MP Imaging System (Bio-Rad, Hercules, CA, USA). Protein A, HRP conjugate (Millipore, Billerica, MA, USA) was used to detect primary antibody with the ChemiDoc MP Imaging System (Bio-Rad) and analyzed using the Image Lab software (Hercules, CA, USA). In vitro pull-down experiments were done using anti-HA Affinity Matrix (Roche Applied Science) and imaged with ODYSSEY Infrared Imaging Systems (Li-COR).
Cell death induction and analysis. Mouse TNFa (100 ng/ml; R&D Systems) was used to treat mouse L929 cells for the indicated times. Human TNFa was used in the experiments involving human Jurkat and MCF7 cell lines. Where indicated, cells were pretreated with CHX (1 mg/ml; Sigma-Aldrich), z-VADfmk (50 mM; R&D Systems), or necrostatin-1 (10 mM; Enzo Life Sciences) for 1 h before stimulation with TNFa. HMGB1 cellular release was assessed by subjecting media to SDS-PAGE for immunoblotting. For PARP cleavage assays, cells were lysed in 50 mM Tris-Cl, pH 7.4, 150 mM NaCl, 1% (v/v) NP-40, 1% (v/v) sodium azide, 1 mM PMSF, and 1X protease inhibitor cocktail (Sigma-Aldrich) and immunoblotted. LDH release assays were performed using CytoTox-ONE Homogenous Membrane Integrity Assay (Promega). PI entry was assessed using 1 mg/ml (Sigma). Both LDH and PI assays were read using Wallac Victor 2 Multilabel Counter Model 1420-011 (Perkin-Elmer, Waltham, MA, USA).
Cell fractionation and NF-jB activation. Cells were treated with 10ng/ml of TNFa, collected, and resuspended in 250 ml of Buffer A (10 mM HEPES pH 7.5, 10 mM KCl, 0.1 mM EDTA, 0.1 mM EGTA, 1 mM DTT, 0.5 mM PMSF) and subsequently incubated on ice for 15 min. In all, 15.62 ml of 10% IGEPAL were then added, vortexed for 10 s, and centrifuged at 950 Â g for 1 min at 4 1C. The resulting supernatant is the cytosolic fraction. The pellet was resuspended in 100 ml Buffer B (20 mM HEPES, 400 mM KCl, 1 mM EDTA, 1 mM EGTA, 1 mM DTT, 1 mM PMSF, 10% (v/v) glycerol), sonicated, and centrifuged at 20 800 Â g to obtain the nuclear fraction. A total of 20 mg of protein from the nuclear fraction was used for p65 ELISA (Transcription Factor Kit, Thermo Fisher Scientific).
RNA isolation, cDNA synthesis, and quantitative real-time PCR. RNA isolation was done using the RNeasy kit from Qiagen according to the protocol. cDNA synthesis was performed using SuperScript III Vaccinia virus infection. Vaccinia virus WR strain was prepared as described previously. 52 We have previously described mice with generalized deletion of nol3, encoding ARC. 29 These mice and wild-type controls were housed in Memorial-Sloan-Kettering Cancer Center, and animal infection experiments were performed in accordance with the protocols approved by the Institutional Animal Care and Use Committee. Vaccinia virus 1 Â 10 6 plaque-forming units or the same volume of vehicle (phosphate-buffered saline) were administered intraperitoneally to 10-week-old wild-type and nol3 À / À male C57BL/6 mice. Visceral fat and liver were harvested 3 days post injection and fixed in 10% (v/v) formalin for 72 h. Paraffin-embedded tissues were sectioned at 4 mm and stained with hematoxylin and eosin.
TNFa-induced systemic inflammatory response syndrome. Recombinant mouse TNFa (R&D Systems) 500mg/kg body weight was injected intravenously through the tail vein in 10-to 14-week-old wild-type and nol3 À / À C57BL/6 mice. Mice were matched for gender and age. Rectal body temperature was recorded with electric thermometer (model THM 150; Indus Instruments, Houston, TX, USA) connected to Vevo 770 Imaging Station (VisualSonics, Toronto, ON, Canada). TNFa-induced systemic inflammatory response syndrome experiments were performed in accordance with the protocols approved by the Albert Einstein College of Medicine Institutional Animal Care and Use Committee.
Statistical analysis. Data are presented as mean ± S.E.M. N is the number of independent experiments performed. Two-way ANOVA followed by Bonferroni's post test was used to compare data, with the exception of the in vivo vaccinia virus infection and TNFa-induced systemic inflammatory response syndrome experiments. For the vaccinia virus infection model, the two-tailed Student's t-test was used to analyze significance. Repeated measure two-way ANOVA analysis was performed to analyze body temperatures of wild-type and ARC-deficient mice until 6 h post-TNFa injection. After 6 h, mice injected with TNFa started dying and therefore resulting in missing values for analysis for further time points. The Kaplan-Meier survival analysis was used to test statistical significance of the survival curves between mice deficient in ARC expression and wild-type mice post-TNFa injections. All statistical analysis was carried out using the GraphPad Prism version 5.00 for Mac (GraphPad Software, San Diego, CA, USA, www.graphpad.com).
